Abstract: Modularity-in-design of battery packs for electric vehicles (EVs) is crucial to offset their high manufacturing cost. However, inconsistencies in performance of EV battery packs can be introduced by various sources. Sources of variation affect their robustness. In this paper, parameter diagram, a value-based conceptual analysis approach, is applied to analyze these variations. Their interaction with customer requirements, i.e., ideal system output, are examined and critical engineering features for designing modular battery packs for EV applications are determined. Consequently, sources of variability, which have a detrimental effect on mass-producibility of EV battery packs, are identified and differentiated from the set of control factors. Theoretically, appropriate control level settings can minimize sensitivity of EV battery packs to the sources of variability. In view of this, strength of the relationship between ideal system response and various control factors is studied using a "house of quality" diagram. It is found that battery thermal management system and packaging architecture are the two most influential parameters having the largest effect on reliability of EV battery packs. More importantly, it is noted that heat transfer between adjacent battery modules cannot be eliminated. For successful implementation of modular architecture, it is, therefore, essential that mechanical modularity must be enabled via thermal modularity of EV battery packs.
Introduction
Currently, electric vehicles (EVs) account for only 0.1% of the global light-duty vehicle stock [1] , and large-scale electrification of the road transportation sector seems challenging. The primary issue is the comparatively high retail cost of EVs, which are currently twice as expensive as their internal combustion engine (ICE) equivalents [2] . An EV battery pack accounts for up to 46% of this cost [3] [4] [5] . Hence, possible cost reduction techniques, such as modification of the microstructure of existing electrode materials for lithium-ion (Li-ion) battery cells [6] [7] [8] [9] and the development of new battery chemistries [10] [11] [12] [13] [14] [15] are being pursued extensively by different research groups. These efforts have been partially successful, as the cost of manufacturing an EV battery pack reduced to around USD 210 per kWh in 2017-2018 [16] from USD 1000 per kWh in [2007] [2008] [1, 17] . However, it is understood that the cost of battery packs must be reduced to below USD 100 per kWh to make EV battery packs cost-competitive and to enable large market penetration of EVs [2, 16] . It is, therefore, assumed that battery packs will continue to be the controlling factor in the costing of electric drive train architecture for the next 5 to 7 years [18, 19] . As time-to-market is becoming increasingly important for the success battery packs will continue to be the controlling factor in the costing of electric drive train architecture for the next 5 to 7 years [18, 19] . As time-to-market is becoming increasingly important for the success of any new product, it is vital to investigate other means of providing immediate economic benefits to EV battery pack users.
Proposed Solution
Over the last few decades and across several sectors, including the automotive sector, modularity has emerged as a capable means to improve the economics of an industry. A modular design would allow original equipment manufacturers (OEMs) to scale up a battery pack and meet the energy/power requirements of different EV applications, without necessitating major structural modifications to the basic pack architecture. This would enable mass production of battery cells, which in turn would reduce manufacturing costs for EV battery packs. In addition, it would enable OEMs to accommodate future uncertainties. Other advantages of employing a modular architecture, such as reduced time-to-market and increased ability to diversify production lines, are also well documented [20] [21] [22] . More recently, Rothgang et al. analyzed feasibility of modular battery packs for EVs. They confirmed it is possible to gain significant weight savings at the cell level by adopting a modular architecture for the battery pack [23] . A modular battery pack can therefore provide the much-needed traction to EVs by turning them into a compelling alternative to conventional ICE vehicles.
A modular system can be classified as one of which the fundamental elements are mechanically independent of one another, but work together as a unified whole [24] . US patent 5,534,366, owned by Motorola Inc., first disclosed the conceptual design of a battery pack that could meet this criterion. The patent claims to have modularized the battery pack in such a way that portions of the battery cell cartridge, the circuit cartridge and the housing can be shared and re-used. In addition, the battery cell cartridge can be replaced when required, without affecting other components of the system, thus making it a very cost-effective solution for portable electronic devices [25] .
Valence Technologies Inc. presented the first scalable Li-ion battery pack for rail application. In series, the Li-ion battery pack is scalable from 12 V to 1000 V and up to several thousands of amperehours in parallel. It is equipped with an inter-modular balancing system [26] . The design however does not include any ventilation/cooling system. At the 2013 IAA International Motor Show in Frankfurt, the Karlsruhe Institute of Technology (KIT) displayed another modular battery concept for electric city buses. In this concept, the size of the battery module can be adapted to different needs by changing the number of cells in each module. In addition, as shown in Figure 1 , cooling channels are included to regulate the temperature of the electrical contacts in the pack [27] . Important to note is that in this concept, the battery cells themselves function as a crash barrier. [27] . 
Purpose of the Present Study
Customers generally expect an engineering system to deliver the targeted performance each time it is used in conditions it was envisioned to operate during its life cycle. Target performance, generally described through design constraints and objectives, can however be exposed to a large scatter during the system's life cycle. Such scatter not only affects the desired performance level but also adds to the life-cycle costs of the system in the form of inspection, repair, and other maintenance costs. Variability is also regarded as the main barrier for mass production [28] . As a result, several authors have maintained that variation over time in the performance metrics of a system create dissatisfied customers [29] .
The most critical performance metrics for a Li-ion battery pack are energy density, power density, cost, cycle life, and safety. Deviation of the performance metric from the target value is termed as quality loss [30, 31] . Often, elimination of the factors responsible for this quality loss can become too difficult, expensive, or time-consuming. An alternate solution for minimizing this deviation is provided through robust design methodology (RDM). RDM is a systematic and value-based approach for making products insensitive to sources of variability at a low cost [32] . The purpose of this paper is to put forth an RDM framework for an EV battery pack. Under this framework, a parameter diagram and a House of Quality (HoQ) are developed to identify factors that can be controlled for improving mass-producibility and increasing reliability of EV battery packs. In process, the paper discusses several issues such as selection of cell type and size, packaging solution, battery thermal management strategy, etc. encompassing design and assembly of EV battery packs.
Theory of RDM
RDM is a customer-centric engineering approach that recommends making a product minimally sensitive to different causes of variability rather than investing in efforts to eliminate them. It involves using a parameter diagram (P-diagram) to identify robustness candidates and facilitate conceptual design generation for a reliable system.
According to Arvidsson and Gremyr [32] , the actions taken under this approach are focused first towards developing awareness of variation and then directed towards increasing insensitivity of system to noise factors.
Awareness of Variation
It is understood that the smaller the deviation, the better the quality. In accordance with this line of thought, improvement in product quality is nearly always considered synonymous with decrease in variation [33] . However, the central problem in design and manufacturing is to extract and gain a better understanding of the information contained in variation. Therefore, in RDM products are often described via a P-diagram, seen in Figure 2 .
The P-diagram is a tool that facilitates conceptual analysis of a large dataset representing complex interactions of any product or process with global parameters and generation of reliable design solutions by distinguishing between various factors affecting it. It graphically depicts the input signal, i.e., the energy and other resources invested into the system along with different groups of factors affecting a particular quality trait ideally expected as an output or a response from the system. Sources of variability that can either not be controlled or are too expensive to control and create disturbance within the system are called noise factors. On the other hand, tunable elements that can be regulated without much impact on technical and financial resource allocation such as choice of materials, dimensions and precise weight of different components are categorized as control factors. Additionally, different failure modes that are a result of system's interference with existing noise factors are listed as error states in the P-diagram [34] . 
Insensitivity to Noise Factors
Theoretically, it is possible to dampen the effect of noise factors on engineering systems by exploring and modifying the relationship between their response and the control factors [35] . In other words, the control factors are adjusted so that variability of noise factors has minimum or no effect on the response. Several tools such a fault tree analysis, design of experiments, variation mode and effects analysis, quality loss function are used to accomplish this objective.
It is understood that quality function deployment (QFD) technique can also be used for this purpose. QFD is a systematic technique that enables adaptation of product and technology to end user. It simplifies conversion of customer needs and quality requirements (CNs) to engineering characteristics or product technical requirements (PTRs). PTRs explain the CNs in language of the engineers and act as a guide on "how CNs for the product/system under consideration can be fulfilled". Furthermore, QFD provides an opportunity to include market conditions into the analysis, which makes it an attractive tool for new product design process in several industries. It is, therefore, widely used to identify design targets for delivering the expected outcomes considering the technological limitations of the company and the existing market competition [36, 37] .
Application of RDM to Battery Pack Design
RDM is applied to system design in two stages. A P-diagram is created in the first stage to identify the control factors. In the next stage, interactions of different control factors with ideal system response are investigated using a technique such as QFD for determining the right level for each of the control factors. This section will discuss these two stages relative to the EV battery pack design.
Creating P-Diagram for EV Battery Pack
The key steps taken to create the P-diagram are summarized below:
1. Identified the system boundaries-It is essential to define system boundaries before starting the procedure of creating a P-diagram. A boundary diagram displays various component blocks constituting the system. It also allows easy visualization of system interface enabling energy/information exchange with the environment. Hence, a boundary diagram is created through careful examination of existing battery packs (Tesla Model S, GM Chevrolet Volt, and Nissan Leaf) and the published literature. 2. Defined the input signal and the ideal response-Since, CNs highlight the important product characteristics while informing the product designers about "what needs to be done", CNs were listed in the ideal response column of a P-diagram. In EVs, the combination of electrochemical cells or the battery pack receives an input signal from the EV driver in form of pedal force. The pedal force controls the throttle position, which in turn makes the electrochemical system respond by delivering power-continuous power and peak power, as and when required during 
Insensitivity to Noise Factors
Application of RDM to Battery Pack Design
Creating P-Diagram for EV Battery Pack
1.
Identified the system boundaries-It is essential to define system boundaries before starting the procedure of creating a P-diagram. A boundary diagram displays various component blocks constituting the system. It also allows easy visualization of system interface enabling energy/information exchange with the environment. Hence, a boundary diagram is created through careful examination of existing battery packs (Tesla Model S, GM Chevrolet Volt, and Nissan Leaf) and the published literature.
2.
Defined the input signal and the ideal response-Since, CNs highlight the important product characteristics while informing the product designers about "what needs to be done", CNs were listed in the ideal response column of a P-diagram. In EVs, the combination of electrochemical cells or the battery pack receives an input signal from the EV driver in form of pedal force.
The pedal force controls the throttle position, which in turn makes the electrochemical system respond by delivering power-continuous power and peak power, as and when required during the drive cycle. Noteworthy is that satisfying only basic functional requirements, i.e., delivering the power required during the drive cycle and meeting the standard safety requirements is not sufficient for a modular EV battery pack to be considered desirable. An EV user may also have several implicit expectations from it. Procedure adopted for identifying these requirements will be discussed in Section 4.1.
3.
Separated the noise factors from the control factors-Transformation of throttle position to battery output power can be maximized by controlling the interaction of the battery pack with the external environment through various system interfaces. Control over system interactions can be gained by distinguishing parameters that have a direct impact on system output and adjusting those that lie within its boundary. For example, effect of temperature on thermal performance of the battery cells can be reduced by selecting and installing a suitable thermal management system in the battery pack. Also, battery cell size or layout or packaging clearance can all be modified to make a battery pack more compact, lightweight, and thermally stable while increasing the ease of manufacturing and ease of service at the same time.
4.
Established the potential error states-Error states portray the way system failure would be physically noticed in a real-world application. Physical contact between neighboring cells and production of smoke or odor during battery operation are some of the examples of potential failure modes for a battery pack in an EV. Other physical indicators defining the state of failure for a battery cell were identified through literature review. They are listed in Table 1 [38] . The table also identifies fundamental physical, chemical, mechanical, or electrical stress inducing mechanisms that may cause an electrochemical cell to fail along with potential failure cause or force driving the battery cell failure.
Discovering the Relationship of Control Factors with the CNs
A QFD analysis is typically conducted through four inter-linked matrices, where each of the four matrices is generated in multiple steps. A detailed description of these steps can be found in [39, 40] . Among these, matrix/stage 1 is strategically the most important phase as the CNs are translated to the PTRs during this stage. It has thus been reported that substantial benefits can be achieved by implementing just the first phase of QFD system [41] .
Accordingly, emphasis of the present study is also on the first phase of QFD, commonly known as the House of Quality (HoQ). More specifically, objective of the following sections is limited to identification, understanding and evaluation of the relationship between different CNs and PTRs of an EV battery pack while assessment of the correlations among various PTRs will form a part of a future study. Strength of these relationships was estimated from literature surveys, findings of which are validated through a group decision making approach. In our case, the success of this approach is ensured by inter-disciplinary nature of the experts' panel guiding the decision-making process. 
Procedures
Methods adopted for acquiring intermediary information required for construction of the P-diagram and the HoQ are presented in this section.
Determining CNs through Expert Panel Consultation
There are several ways including minimax deviation [42] , minimum mean-square error method [43] and Delphi method [44] to determine what a customer wants as an output of the system. The Delphi method, which is a structured communication technique for discovering expert opinions and consensus building on a subject, is adopted in the present study because of its simplicity and ease of implementation.
As a part of this method, an expert panel comprising of fifteen leading professionals from the automotive sector is created. Details of the panel are presented in Table 2 . It can be seen from this table that collectively, the panel had vast experience in the areas of battery pack design, manufacturing, vehicle light weighting, structural analysis, project management and quality improvement. Confidential one-to-one discussions were conducted with these experts. Main theme of the discussion was "expected features and quality requirements from the battery pack of their targeted application". Their opinion on EV battery pack performance barriers and preferred strategy for designing a robust battery pack were also recorded. A comprehensive list of implicit customer requirements for EV battery pack is thus developed based on the expert's opinion. 
System Boundaries for EV Battery Pack
In case of an EV battery pack, which is essentially a parallel and series combination of multiple electrochemical cells, interactions with the external environment can happen through several interfaces identified in Figure 3 .
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The figure shows a chemical system in form of a combination of battery cells trading energy with its environment via various interfaces. A brief description of each of these interfaces is provided underneath.
A. Mechanical-represents all the mechanical design features such as cell spacers, damping pads, pressure relief or exhaust valves, seals/gasket that have been integrated in to the battery pack mainly for safety reasons. B. Structural-A battery pack needs to be contained in a case and a cover to prevent it from the effect of humidity, dirt, and other environmental factors. Besides, proper vibration isolation and high crash-worthiness is also necessary. Consequently, structural features such as end-plates, tie-rods, cross-members are provided to function as protective members in the battery pack. C. Thermal-Control of Li-ion battery cell temperature between 25 °C and 30 °C and a uniform thermal distribution across the Li-ion battery pack is required for maximizing its energy capacity. To ensure this, a thermal management system (TMS) including a fluid transfer duct, cooling/heating fluid, insulation coating, auxiliary systems such as fans, pumps, heat exchangers is usually integrated with the battery pack. D. Electrical-Battery pack generates current at a certain voltage to meet power requirements of an EV drive-cycle. This power gets transferred through an electrical circuit comprising of bus bar and cables, fuse, circuit breakers, contactors, and relays to the EV driveline. E. Control Systems-Battery management system, sensors for measuring voltage, current, pressure, temperature and humidity are employed to monitor and regulate the state of battery pack. F. Support-An EV battery pack is generally commissioned in the vehicle through mounting brackets and axle that assists in achieving the required degree of vibration isolation for a reliable operation. Support from chassis and vehicle body increases the overall crash-worthiness.
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A. Mechanical-represents all the mechanical design features such as cell spacers, damping pads, pressure relief or exhaust valves, seals/gasket that have been integrated in to the battery pack mainly for safety reasons. B. Structural-A battery pack needs to be contained in a case and a cover to prevent it from the effect of humidity, dirt, and other environmental factors. Besides, proper vibration isolation and high crash-worthiness is also necessary. Consequently, structural features such as end-plates, tie-rods, cross-members are provided to function as protective members in the battery pack. C. Thermal-Control of Li-ion battery cell temperature between 25 • C and 30 • C and a uniform thermal distribution across the Li-ion battery pack is required for maximizing its energy capacity. To ensure this, a thermal management system (TMS) including a fluid transfer duct, cooling/heating fluid, insulation coating, auxiliary systems such as fans, pumps, heat exchangers is usually integrated with the battery pack. D. Electrical-Battery pack generates current at a certain voltage to meet power requirements of an EV drive-cycle. This power gets transferred through an electrical circuit comprising of bus bar and cables, fuse, circuit breakers, contactors, and relays to the EV driveline. E. Control Systems-Battery management system, sensors for measuring voltage, current, pressure, temperature and humidity are employed to monitor and regulate the state of battery pack.
F.
Support-An EV battery pack is generally commissioned in the vehicle through mounting brackets and axle that assists in achieving the required degree of vibration isolation for a reliable operation. Support from chassis and vehicle body increases the overall crash-worthiness.
Similarly, the vehicle floor panel and seats provide isolation of the high voltage components from the passenger cabin.
Characterisation of the Impact of Noise Factors on EV Performance
In this study, the noise factors and the control factors are mainly identified via a detailed review of the published literature. Subsequently, the findings are discussed with the expert panel. Final categorization is based on the consensus developed among the panel members.
A. Customer Usage-Driving range of an EV depends on the speed and acceleration characteristics of each trip. Trips with faster acceleration or including ascend over high altitude grades will demand more kilowatts per kilometer travelled. Moreover, studies about the driving patterns of EVs reflect that unlike conventional ICE vehicles, EVs are rarely driven in high speed motorway conditions and more in rural and urban environment. Consequently, battery packs of EVs that are driven mainly in rural or urban terrain are exposed to a more strenuous life in comparison to those driven over a more traditional composition of road surfaces [45, 46] . B. Vibrations-Driving induces vibration profiles concentrated in 1 Hz-25 Hz frequency range with as much as 10% higher energy levels. Pouch cells which are more common in EV applications are more prone to localization of vibrational forces. This can in turn cause sharp increases in local stress levels in battery pack resulting in their mechanical and electromechanical failure [47] . C. Ambient Temperature-Another factor that can have a significant effect on available energy and cycle life of Li-ion batteries is the battery cell temperature. It has been found that with each degree increase in battery cell temperature in the operating range of 30 • C and 40 • C, the cycle life of batteries reduces by approximately two months [48] . Moreover, an estimate by General Motors indicate that an EV can lose up to 85% of its range at sub-zero temperature if no thermal management system is used to regulate it [49] . Besides, the rate of self-discharge is also dependent on the storage temperature. Energy capacity of a battery also degrades in response to ambient temperature and other factors throughout its cycle life [50] . D. Cell-to-Cell Variations-Accidental and practically unavoidable physical and chemical variations among battery cells have a far-reaching effect on the structural dynamics of the battery pack. These random variations lead to confinement of vibrational energy to a small portion of the cell structure [47] . It is, therefore, vital to minimize any random cell-to-cell variations to be able to define battery performance with reliability as each battery cell will react in a peculiar manner to stimuli received from other sources of disturbance such as customer usage or external environment. E. Auxiliary Load-System interactions such as heat leakage from different electro-mechanical systems, chassis vibrations, electrical interference, auxiliary loads such as cabin heating/cooling, power steering, air compressors affect the quality of output from battery pack. For example, researchers from NREL (National Renewable Energy Laboratory) have confirmed that depending upon the ambient environment, power requirements for managing the cabin thermal loads can decrease the driving range of a plug-in EV by 35% to 50% [51] .
It should be recalled that the production costs for eliminating these sources of variation in battery cells can be very large. It must therefore be the priority of any battery pack designer to make the pack insensitive to such variations. Also, changes over time may not be noticeable in a short time-span but it is critical to reduce their influence on battery cycle life for the pack to remain on-board diagnostic compliant.
Determination of Technical Characteristics
PTRs are generally used to assess product's ability in meeting the CNs and must therefore be specified in measurable terms. In addition, they should not be design specific and have a general significance. Benchmarks for evaluating EV battery pack performance are established by United States Advanced Battery Consortium (USABC). They are presented in Table 3 . Consultation with various experts contacted during this investigation reveal that in addition to responding to pedal force, which controls the throttle position, by delivering power to an EV the battery pack must also be: The following sub-sections will seek to relate them to different technical characteristics and other factors that may influence the performance of the modular EV battery pack.
Light Weight
Total weight of EV battery packs can be reduced by replacing their primary component, i.e., the battery cells with cells made of novel materials that possess greater gravimetric capacity (mAh/g) or demonstrate a higher operating voltage than traditional active materials [53, 54] . However, increase in gravimetric density of electrode materials cannot be scaled linearly to be reflected as nominal capacity of commercial battery cells due to the non-negligible weight of inactive cell components. It has been reported that the active material contained in commercial Li-ion battery cells accounts for only 55% of their total weight [55] . In contrast, a thin copper foil, added in the cell assembly to function as a current collector at the anode, can make up to 10% of the total cell weight [56] . Figure 4 shows comparison of mass distribution for different components of a high power and a high energy battery cell. Significant improvements in gravimetric density of Li-ion cells can thus be achieved by introducing lightweight replacements for inactive electrode components such as binder, separator, current collectors, and cell housing.
Reports show that areal capacities for anode materials that have high gravimetric capacities, e.g., double walled Si-nanotube is approximately seventeen times less than the areal capacity for a graphite anode (4.1 mAh/cm 2 ) [58] . It is equivalent to material loading of 0.1 mg/cm 2 . Low areal capacity results in addition of redundant weight in form of current collectors, separators, interconnectors etc. to a full cell construction. Non-uniform current distribution and localized active material utilization are some of the issues affecting performance of physically large battery cells. Inhomogeneous temperature gradient across the battery cell due to excessive localized material utilization during high power abstraction can result in permanent damage to battery cell and even push it into a state of thermal runaway [59] . Selecting battery cells with high areal capacities is thus crucial not just for developing a light-weight battery pack but for safety reasons as well.
The 24.2 kWh battery pack of VW e-Golf 2015 was designed using Li-ion pouch cells with nominal capacities of 25 Ah. Subsequently, the manufacturers chose to adopt 35 Ah pouch cells for the pack design and achieved an overall energy storage capacity of 35.8 kWh for the VW e-Golf 2017 without affecting the number of battery cells in the original pack. Similarly, BMW i3 team is slowly phasing out the 60 Ah pouch cells to make way for the 94 Ah pouch cells in their battery packs as the larger cells provide 50% higher energy storage capacity with in the same architectural space [60] . Primary reason for the observed shift in battery cell selection is that as the cell size, i.e., nominal capacity, increases the number of battery cells required for designing a battery pack of specified capacity reduces. Also, along with them the number of cell-interconnections and the quantity of cell protection circuits and wiring required for pack integration is proportionally decreased thus leading to a higher weight and volumetric efficiency. Other advantages of using larger cell size include lower assembly cost and ease of troubleshooting [61] .
Compact Packaging
Studies have shown that small cylindrical cells can conform much easily to the available space and thus have a higher packing density than both the pouch and the prismatic cell types. In fact, packing densities for battery packs comprising of 18650-format battery cells, 26650-format battery cells and large prismatic cells have been reported as 47,524.75 cells/m 3 , 22,857.14 cells/m 3 and 416.6667 cells/m 3 , respectively. It has been further reported that while the packing density of the battery pack with 18650-format cells is 114 times more than that of the pack comprising large prismatic cells, the physical density of the former is only 1.5 times greater than that of the latter. Moreover, the packing density of a pouch cell is approximately 2 times lesser than that of a prismatic cell of similar nominal capacity mainly because of its smaller thickness and large surface area. It is, therefore, relatively easier to improve volumetric efficiency of the battery pack by packaging large quantities of smaller cylindrical cells in the available space than to use large prismatic or pouch cells [62] .
Compactness of packaging design can also have an appreciable influence on thermal performance of a battery pack. Research shows that increasing the cell-to-cell spacing for a battery pack from 1 mm to 10 mm can lead to a loss of approximately 1 • C in the steady state cell core temperature, for all the three physical formats [63] . As per the NASA-Battery Safety Requirements document: JSC 20793 Rev C cell spacing is more critical for pack designs employing battery cells of gravimetric energy density greater than 80 Wh/kg. It has further been ascertained that to alleviate cell-to-cell heat propagation in the instance of a single cell failure or a thermal runaway event, a minimum spacing of 2 mm is required for cylindrical cell formats. In addition, a physical barrier between neighboring cells is required for the same reasons in battery packs that employ cell formats with side vents [64, 65] .
Ease of Manufacturing
Ease of manufacturing depends on manufacturing of battery cells rather than the pack itself. It requires using innovative and simple techniques for processing cheap aqueous electrode formulations. One of the suggested techniques involve reducing copper loss and the amount of other inactive components used per unit cell volume by fabricating ultra-thick electrodes with high active material loading. However, high mass loading can often lead to reduced charge transfer rates and increased internal stresses in electrode layer. Additionally, inhomogeneous electrolyte penetration and poor adhesion between dry films of an ultra-thick electrode and current collectors can result in sluggish transport kinetics [66] . Also, 3D micro-structured electrodes that demonstrate shorter diffusion lengths and reduced ohmic resistance are sometimes utilized for achieving higher power density and energy capacity. However, fabrication of 3D microstructures besides being expensive, also involves many complex processing steps whereas simple manufacturing methods with a minimum number of fabrication steps are generally preferred for commercialization [67] .
Influence of manufacturing scale on cell production cost becomes significant if battery cell design is altered without increasing the annual production quantity. Contribution of material cost to total manufacturing cost increases as manufacturing scale is increased, leading to a substantial decrease in labor and capital costs per unit battery pack particularly at low production rates. As a result, larger cost benefits can be attained by increasing the manufacturing scale of battery packs for hybrid vehicles than pure EVs since the material costs constitute a smaller fraction of the total battery cost for the former, as seen from Figure 5 . 
Ease of Assembly
In accordance with the ISO Publicly Available Specification-ISO/PAS IEC abcd Part 1: Requirements on dimensions for lithium-ion cells for vehicle propulsion, both the electrical connection elements (contacts) are located on top side of the Li-ion pouch cells designed for high energy applications. On the other hand, for high power pouch cells one of the contacts is located at the top while the other contact is placed on the opposite side of the cells as seen from Figure 6 [68] . Extra clamping tools are thus required for assembly procedure of interconnections between high power pouch cells. This issue affects cylindrical battery cells as well because they too have electrical contacts on both ends. It also renders the external structure design more complex while increasing the wiring complexity and the assembly cost. In addition, punched holes on bare metal terminals of pouch cells are needed to connect them to the copper bus bar through screw and nut.
Comparatively, the assembly process of prismatic cells is highly simplified through a "Pokayoke" feature included in the design of their male thread terminals. Consequently, only spring washers and nuts are needed to interconnect their terminals. Moreover, soft packaging of the pouch cells makes it necessary to employ special precautions and handling procedures to minimize any rough handling during the assembly of battery cells as it may lead to local stress development in the cell structure. Delamination of the composite electrode layers is also possible under situations of extreme shock or through continuous transmission of vibrations during operation. Additional structural members are hence required in packaging for pouch cells for exerting compressive force, to provide vibration isolation and to make them shock-resistant [69, 70] , which in turn incur extra assembly cost. As a result, cost of assembling one unit of pouch cell using mechanical fasteners in the year 2016 was reported to be USD 0.125 as opposed to USD 0.0692 for the prismatic cells [71] .
EV battery packs are generally assembled manually, with the assembly cost being proportional to the number of battery cells, cell holders and interconnections and the type of battery management system (BMS) and TMS used. Accordingly, the cost of assembly for one unit of battery pack with 18,650 type battery cells (excluding BMS) has been calculated as USD 424.32 (assuming approximately 85 person hours at USD 5 per hour). In contrast, estimates indicate that it would cost only USD 3.46 with the process lasting less than 1 h to assemble a battery pack of equivalent capacity using large prismatic cells excluding BMS [57] . As such, more economical battery packs can be manufactured as the assembly process is significantly simplified and the total production time is considerably reduced by using large format battery cells. Extra clamping tools are thus required for assembly procedure of interconnections between high power pouch cells. This issue affects cylindrical battery cells as well because they too have electrical contacts on both ends. It also renders the external structure design more complex while increasing the wiring complexity and the assembly cost. In addition, punched holes on bare metal terminals of pouch cells are needed to connect them to the copper bus bar through screw and nut.
Comparatively, the assembly process of prismatic cells is highly simplified through a "Poka-yoke" feature included in the design of their male thread terminals. Consequently, only spring washers and nuts are needed to interconnect their terminals. Moreover, soft packaging of the pouch cells makes it necessary to employ special precautions and handling procedures to minimize any rough handling during the assembly of battery cells as it may lead to local stress development in the cell structure. Delamination of the composite electrode layers is also possible under situations of extreme shock or through continuous transmission of vibrations during operation. Additional structural members are hence required in packaging for pouch cells for exerting compressive force, to provide vibration isolation and to make them shock-resistant [69, 70] , which in turn incur extra assembly cost. As a result, cost of assembling one unit of pouch cell using mechanical fasteners in the year 2016 was reported to be USD 0.125 as opposed to USD 0.0692 for the prismatic cells [71] .
EV battery packs are generally assembled manually, with the assembly cost being proportional to the number of battery cells, cell holders and interconnections and the type of battery management system (BMS) and TMS used. Accordingly, the cost of assembly for one unit of battery pack with 18,650 type battery cells (excluding BMS) has been calculated as USD 424.32 (assuming approximately 85 person hours at USD 5 per hour). In contrast, estimates indicate that it would cost only USD 3.46 with the process lasting less than 1 h to assemble a battery pack of equivalent capacity using large prismatic cells excluding BMS [57] . As such, more economical battery packs can be manufactured as the assembly process is significantly simplified and the total production time is considerably reduced by using large format battery cells.
Structural Stability
In the absence of adequate compressive force needed to maintain a uniform contact, delamination of electrode layers occurs in pouch cells and prismatic cells, which affects their performance and reliability. Delamination of the electrode layers can be avoided through usage of external structures that may include either hard plates stacked on each side of the battery cell or clamps made of thread rods. Although the stacking plate method provides significant advantage during manual assembly of battery packs, it is more expensive on a mass production basis. Also, holding clamps may make the pouch cells more vulnerable to mishandling during assembly process and to localized stress development due to unbalanced clamping force [71] .
The solid structure created through metallic or rigid plastic casings typically used for the prismatic and the cylindrical battery cells prevents foreign objects such as nails from penetrating the electrochemical system. The metallic casings provide more tolerance to pressures generated inside the battery cell because of gas generation and venting; a safety feature missing from the pouch cells owing to their soft packaging.
Main structural issue with the prismatic cells is that their corners can be left vacant due to elliptical windings. It results in uneven pressure distribution in electrodes, but the problem can be alleviated by filling solid material in vacant corners. Table 4 compares different battery cell formats according to structural characteristics considered important from safety perspective.
Maintaining structural integrity of the battery pack during crash conditions is another challenge for EV designers. For this purpose, two packaging architectures-the "T-shaped" architecture and the "Floor" configuration are primarily utilized for EV battery packs. The "T-shaped" architecture seen in Figure 7a is used in GM Chevrolet Volt. It enables the battery modules to be arranged inside the primary safe zone of the vehicle, i.e., the area beneath the rear passenger seats and extending along the tunnel between the two rows of seats. It prevents the battery pack from direct frontal impact and side impact loads through usage of vehicle structure as a crash barrier at the expense of interior cabin space and sometimes passenger comfort as well.
In contrast, the "Floor" configuration, used in Tesla Model S and Audi e-tron Sportback concept seen in Figure 7b , involves arranging the battery cells in a slab format under the vehicle floor. It maximizes the available cabin space to be used either by the vehicle occupants themselves or for storing their luggage. In addition, such configuration increases the vehicle stability during various driving maneuvers by lowering its center of gravity. However, it also reduces the ground clearance of the vehicle thus exposing the battery pack to dangers of ground or bottom impact [70] . Battery cells are traditionally protected against the bottom impact via metal or plastic shell casing enclosures in conjunction with module and battery pack housings and vehicle body structure including transverse cross members, doors and floor [69] . Furthermore, as floor panel can only resist impact from small stones on a gravel road, an armor made of 1 mm to 6 mm thick metallic sheet, with a monolithic or a sandwich structure or even their combination, is used as a protection against bottom impact. Polymeric coating is applied to it for rust protection. Research has shown that severity of the damage to the protective armor plate is affected by the tip radius of the impacting body, the distance Battery cells are traditionally protected against the bottom impact via metal or plastic shell casing enclosures in conjunction with module and battery pack housings and vehicle body structure including transverse cross members, doors and floor [69] . Furthermore, as floor panel can only resist impact from small stones on a gravel road, an armor made of 1 mm to 6 mm thick metallic sheet, with a monolithic or a sandwich structure or even their combination, is used as a protection against bottom impact. Polymeric coating is applied to it for rust protection. Research has shown that severity of the damage to the protective armor plate is affected by the tip radius of the impacting body, the distance of the indentation point to the nearest boundary of the battery module and the exponent of the power law hardening curve. It has further been reported that other thinner protective members of the battery pack rupture soon after the armor is breached thereby exposing the battery cells to damage from road debris and other sharp objects [75] .
To restrict this damage to minimum, a multifunctional granular battery assembly (GBA) pack, in which the battery cells are organized in a bimodal packing arrangement along with collapsible and sacrificial metal tubes, has been proposed. GBA can function as an energy storage system and a stress control plus energy dissipation unit simultaneously. Simulation studies rate it as 2.6 times more effective than a metal foam structure of equivalent density in reducing the probability of battery pack failure during crash conditions. A reduction of over 5% in the head injury criterion of EVs due to the use of GBAs has also been observed as opposed to likelihood of head injury arising from an impact to an EV occupant employing traditional battery packs. However, disadvantages of employing GBA in place of a conventional battery pack include a decline of 35% and 13% in the volumetric capacity and gravimetric capacity of the vehicle, respectively. More importantly, the metal tubes of a GBA add approximately 3% to the gross vehicle weight that could influence not only EV driving range but also its rolling resistance [76] .
Thermal Stability
It has been reported that it becomes increasingly difficult to transfer heat from/to a battery cell as the heat transfer area available per unit volume of battery cell decreases. Accordingly, a larger base area and a controllable thickness are preferential for pouch cells. Similarly, taller height and a smaller diameter are recommended to enable efficient heat dissipation through spiral wound cells. However, longer electron current path along axial direction could affect cell performance and shorten the cycle life. On the other hand, increasing the cell diameter in order to reduce the height of the cylindrical cell will impede radial heat transfer rate, which in turn would also have a negative effect on the cell performance [62] . Optimal cell size is thus chosen as per the module requirement.
A Consequently, thermal management of cylindrical cells was found to be more difficult than the battery cells of other formats [71] . Insights gained from this study are offered in Table 5 .
Moreover, liquid cooling technique has proved more effective at regulating battery cell temperatures within the recommended window and also at minimizing thermal gradients in large battery packs operating at high discharge rates [77] . Under this technique, a liquid coolant is passed through built-in mini-channels of a metallic plate kept in close contact with the battery cells. The plate generally has high thermal conductivity and a flat shape, which makes its application easy in case of battery packs made of pouch and prismatic cells. However, the same shape makes it difficult to transfer heat from cylindrical cells using a cold plate [78] . Inefficiency in heat transfer due to incompatible geometries and marginalized contact area can be removed via heat pipes or through phase change materials (PCMs). Heat pipes provide a compact cooling solution with high effective conductivity while PCMs enable a greater control over battery cell temperature. However, cost for heat pipes and low thermal conductivity of PCMs needs to be considered while selecting a suitable thermal management system for EV battery packs [62] . Recently, Arora et al. demonstrated that the issue of low thermal conductivity for PCMs can be addressed by using an inverted battery cell layout in construction of PCM-cooled battery packs [79] . Inverted cell arrangement promotes convective heat transfer in battery packs and has a positive effect on effective thermal conductivity of PCM-based TMSs. 
Results and Discussion

Modified P-Diagram for an EV Battery Pack
A P-diagram showing the parameters affecting the ideal output of an EV battery pack along with the possible failure modes is presented in Figure 8 . As every engineering system has certain efficiency and corresponding energy losses associated with it, a better design is one that can minimize these energy losses. These unwanted but inherent energy loss must however be documented in the P-diagram. Heat generated during battery cell operation would be a typical example of an inherent loss associated with EV battery packs.
The P-diagram illustrated in Figure 8 has therefore been modified to include this ever-present loss of energy. The modified P-diagram establishes conversion of a part of chemical and electrical energy to heat as an ineradicable phenomenon during discharging and charging of battery packs, respectively. It also acknowledges that no real system can be perfectly isolated. Hence, heat flow and thermal interactions between the adjacent battery cells or modules are bound to happen. If within the specified limits, it should be accepted as normal physical behavior leaving the battery designer to target the undesired side effects. Additionally, the noise factors are arranged according to their level of influence on the battery pack performance. The diagram allows envisioning all the factors involved in battery pack design and operation at the same time. energy to heat as an ineradicable phenomenon during discharging and charging of battery packs, respectively. It also acknowledges that no real system can be perfectly isolated. Hence, heat flow and thermal interactions between the adjacent battery cells or modules are bound to happen. If within the specified limits, it should be accepted as normal physical behavior leaving the battery designer to target the undesired side effects. Additionally, the noise factors are arranged according to their level of influence on the battery pack performance. The diagram allows envisioning all the factors involved in battery pack design and operation at the same time. Figure 9 shows the HoQ constructed to illustrate the significance of relationships between each CN and PTR for an EV battery pack. Left wall or the "what" column of the HoQ matrix documents "voice of the customer" or features that an EV battery pack is expected to possess by its user. On the other hand, all the measurable technical characteristics identified as important for meeting the specified CNs, also called "How", are collated in ceiling of the matrix. More importantly, strength of the relationship between the "whats" and the "hows" is presented in central part of the HoQ matrix. Figure 9 is constructed while considering all potential customers including OEMs, production team, after sales department, government departments or policy makers, technicians/mechanics, EV driver and passengers. Equal weight is thus accorded to each CN in this exercise. The HoQ matrix can also be customized to target specific customer group, where different CNs are ranked to suit customer priorities.
The House of Quality for EV Battery Pack
Accurate scoring of these relationships is crucial for new product development process. Therefore, as mentioned previously in Section 3.2, representative strengths shown in this study are Figure 9 shows the HoQ constructed to illustrate the significance of relationships between each CN and PTR for an EV battery pack. Left wall or the "what" column of the HoQ matrix documents "voice of the customer" or features that an EV battery pack is expected to possess by its user. On the other hand, all the measurable technical characteristics identified as important for meeting the specified CNs, also called "How", are collated in ceiling of the matrix. More importantly, strength of the relationship between the "whats" and the "hows" is presented in central part of the HoQ matrix. Figure 9 is constructed while considering all potential customers including OEMs, production team, after sales department, government departments or policy makers, technicians/mechanics, EV driver and passengers. Equal weight is thus accorded to each CN in this exercise. The HoQ matrix can also be customized to target specific customer group, where different CNs are ranked to suit customer priorities.
Accurate scoring of these relationships is crucial for new product development process. Therefore, as mentioned previously in Section 3.2, representative strengths shown in this study are estimated based on data derived from synthesis of relevant literature and subsequently validated by group decision of expert's panel. Symbols , ⊕, and ∆ are further used for denoting weak, moderate and strong correlation, respectively, while a blank space in the relationship matrix indicate lack of relationship between a CN and corresponding PTR. characteristics for an EV battery pack are packaging architecture and thermal management system. They both have an appreciable effect on mechanical modularity and thermal modularity of the battery pack architecture and thus warrant careful attention during early design stages. Battery packs are designed by connecting multiple battery cells in a series-parallel combination. As a result, they can be rescaled simply by modifying the number of battery cells involved in this combination. However, as soon as a conventional, i.e., a forced-air or a liquid-cooling TMS is integrated with the electrical framework of the batteries; the battery pack loses its configurability. For example, if to meet the energy requirements for a certain application, more number of battery modules are needed to be added to the current pack architecture or if a few modules can be removed from it, piping/plumbing and the auxiliary equipment used in the existing battery thermal management system would then either be classified as over-designed or under-designed for the new application and thus have to be redesigned via procedure developed by Pesaran et al. [77] . Evidently, there are several parameters, namely cell size, casing material, battery pack location in the vehicle that can be regulated to optimize its performance and reliability. However, it is evident from the quality matrix and the preceding discussion that the two most important technical characteristics for an EV battery pack are packaging architecture and thermal management system. They both have an appreciable effect on mechanical modularity and thermal modularity of the battery pack architecture and thus warrant careful attention during early design stages.
Battery packs are designed by connecting multiple battery cells in a series-parallel combination. As a result, they can be rescaled simply by modifying the number of battery cells involved in this combination. However, as soon as a conventional, i.e., a forced-air or a liquid-cooling TMS is integrated with the electrical framework of the batteries; the battery pack loses its configurability. For example, if to meet the energy requirements for a certain application, more number of battery modules are needed to be added to the current pack architecture or if a few modules can be removed from it, piping/plumbing and the auxiliary equipment used in the existing battery thermal management system would then either be classified as over-designed or under-designed for the new application and thus have to be redesigned via procedure developed by Pesaran et al. [77] .
It shall be recalled that the modular packs presented in Section 1.2 did not include a fully functional TMS. Although a TMS is required for managing large temperature spikes and maintaining proper thermal balance in the pack, added design complexity and unwanted parasitic load overshadow the benefits derived by installing a traditional TMS in the EV battery pack. As a result, different OEMs follow different design routes. Table 6 differentiates the OEMs that provide battery packs fitted with a liquid-cooled TMS in their EVs from those who do not. It is, therefore, imperative for a battery pack to have a modular TMS for it to retain its scalability and configurability.
Care should also be taken in mechanical/thermal design since mechanical connections in battery packaging architecture also act as heat transfer paths between bordering battery cells and modules. In other words, mechanical modularity is dependent on thermal modularity of the system as heat exchange between neighboring battery modules cannot be fully eliminated. Hence, thermal independence of adjoining battery cells must be ensured so that structural and mechanical design requirements can be satisfied for the modular battery pack. Table 6 . List distinguishing OEMs who prefer to use a conventional thermal management system for their EV battery packs from those who do not rely on it.
OEMS Using TMS
OEMs not Using TMS A TMS capable of providing this functionality is presented in our recent publication [79] . It is designed using PCMs and thermoelectric circuits and puts negative parasitic load on the battery pack. More importantly, it is readily scalable and makes individual battery cells thermally independent of the adjacent cells.
The concept of thermal independence at cell-level for an EV battery pack design has a powerful benefit-to reduce or even eliminate the custom, vehicle-specific thermal analysis that accompanies system-level vehicle design process. If vehicle architecture successfully implements these thermal modularity concepts, then it does not matter where in the vehicle the module is placed. It would literally be thermally interchangeable due to its cell-level thermal independence; because a module designed like this could be placed anywhere in the vehicle and it would just work thermally. This would preclude the necessity for a system-level thermal analysis or at the very least drastically reduce its scope. Consequently, it would represent substantial savings in the non-recurring engineering associated with the thermal analysis of a particular vehicle. This also provides an opportunity to integrate innovation in the early product design stages and embed the supposed inherent robustness into the product design.
Conclusions
Mass production of battery cells is one way to regulate high manufacturing costs of EV battery packs and improve global market capturing rate of EVs. Previous research has established that variability has a negative influence on mass producibility of any system. Additionally, the pool of variables that can affect cycle life, performance and safety characteristics of Li-ion battery cells is large.
In this paper, we present a systematic framework that enables battery pack designers to conceptually analyze elements of this pool, develop a clear understanding of customer needs, and identify factors that can be optimally adjusted to build a reliable battery pack that meets various customer requirements in entirety. A value-based product development technique, commonly known as robust design methodology (RDM), is applied for evaluation of design aspects related to battery cell type and size, packaging architecture, thermal management solution etc. of modular EV battery pack.
Through the application of RDM a major technological limitation of battery packs' design is revealed. It is discovered that the mechanical design and the thermal design of battery packs are essentially interrelated; meaning that neglecting either of the two would compromise reliability of the battery pack. Also, mechanical/structural connections in battery packaging act as heat transfer paths. Thermal paths in a module-level design must therefore be adequately isolated after considering all mechanical hard points and connections. More importantly, it is found that piping/plumbing along with the auxiliaries used in conventional liquid cooling or forced-air cooling systems limit configurability and scalability of the battery pack. It is thus established that choices concerning selection of thermal management strategy and packaging design for the EV battery pack are crucial for successful implementation of modular battery pack architecture. In other words, designing a modular thermal management system is a pre-requisite for designing a reliable yet modular battery pack. A TMS involving PCMs and thermoelectric devices may prove useful in meeting these design goals.
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